Surface roughness and radiation effects on the erosion behavior of a graphite nozzle are studied for both metallized and nonmetallized propellants. A validated numerical approach that relies on a full Navier-Stokes flow solver coupled with a thermochemical ablation model is used for the analysis. A modification of the Spalart-Allmaras turbulence model is implemented to account for surface roughness. Net radiative heat flux is considered in the surface energy balance at the nozzle interface. Two different simplified models are used to evaluate the integral emissivity of dispersed alumina particles. Individual and combined effects of roughness and radiation are analyzed. Surface roughness enhances the erosion rate for both metallized and nonmetallized propellants noticeably. The radiation influences the erosion rate of nonmetallized propellant more than the metallized one, mainly due to the different erosion regimes, kinetically controlled for the former and diffusion controlled for the latter. 
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I. Introduction
Ablative materials provide a reliable and relatively low-cost way to manage the extremely high heat fluxes that are normally encountered in a wide variety of aerospace applications. Reentry [1] and launch vehicles [2] provide some examples of the thermal protection system (TPS) application, in which ablation is used to mitigate harsh thermal and chemical conditions. The material response represents one of the key issues when working with ablative TPS.
One of the applications of TPS in launch vehicles is in solid rocket motor nozzles. In the nozzles, ablative material consumption depends on numerous factors including propellant composition, engine operating conditions, duration of firing, nozzle geometry and material properties, transport of reacting species, homogeneous reactions in the gas phase, and heterogeneous reactions at the nozzle surface. Specification of ablative material characteristics and thickness for adequate thermal protection requires taking into account the interactions between the ablative material and its operating environment. Furthermore, erosion of the nozzle throat reduces the nozzle area ratio and consequently decreases the overall engine performance. Generally, to determine the ablative material thickness needed to protect the structural components of the nozzle, and to quantify the nozzle erosion rate, firing tests on full-scale motors are conducted. These tests, however, are costly both in time and expense. An efficient and more economical approach would be to couple the fullscale experiments with modeling studies.
The overall description of nozzle erosion phenomena has been the subject of many investigations, and preliminary studies go back to the early 1960s [3, 4] . A much more detailed and comprehensive model was later developed by Kuo and Keswani [5, 6] to study the thermochemical erosion of carbon-carbon (C-C) nozzles, accounting for both diffusion and chemical kinetics effects. This model, based on the combined inviscid core flow and viscous boundarylayer flow equations, has recently been updated by Acharya and Kuo [7, 8] . Recent studies based on full Navier-Stokes approaches have been carried out independently by different research groups for carbon-carbon and graphite nozzles [9] [10] [11] [12] [13] as well as for carbonphenolic nozzles [14, 15] and for refractory metal nozzle inserts [16] .
The thermochemical erosion of carbonaceous materials (e.g., graphite, carbon-carbon, and carbon-phenolic) is caused by the endothermic heterogeneous reactions that occur between the oxidizing species (H 2 O, CO 2 , and OH) and the heated nozzle material. These oxidizing species diffuse across the boundary layer toward the surface, forming a concentration boundary layer. The nozzle recession rate can be influenced by both the chemical kinetics of the heterogeneous reactions at the surface and the diffusion of the oxidizing species across the boundary layer. These mechanisms can be affected, in turn, by the morphological, thermal, and chemical characteristics of both the flow and the TPS material. Surface roughening due to erosion, for example, can affect the subsequent erosion rate because of its effect on the turbulent boundary layer, modifying the mass and energy transfers toward the nozzle wall. Increased roughness can also increase the gas-solid interaction surface, generating higher availability of reacting sites [17, 18] . Unfortunately, a comprehensive treatment of this important aspect of ablation involves such a wide range of different scales that it is impractical to model the whole ablative nozzle response.
Recently, a validated theoretical and numerical framework [9] was used to study separately the effects of combustion gas radiation and surface roughness on the erosion of carbon-based materials in solid rocket motors loaded with nonmetallized ammonium perchloratehydroxyl-terminated polybutadiene (AP/HTPB) composite propellants [19] . In that work, the two layer k-ϵ turbulence model was modified to account for surface roughness effects, and average values of gas-phase emissivity were considered to study radiation effects. The numerical simulations showed that the wall radiative heat transfer and enhanced near-wall turbulence due to surface roughness could have a complementary effect on the erosion of the carboncarbon surface in a nonmetallized solid-propellant rocket environment. Results obtained in the nonmetallized environment cannot be extrapolated to propellants with significant amount of aluminum. Roughness effects could be different in the case of metallized propellant because of lower erosion rates than nonmetallized propellant. Radiation effects can also be quite different. It can be expected that radiation effects are more important in the case of aluminized solid propellant, because of the enhanced combustion products temperature and of the presence of alumina particles. Therefore, the common assumption that in typical operating conditions the net radiative heat flux is an order of magnitude lower than its convective counterpart may not hold. Consequently, radiation effects may not be neglected as is commonly done [5, 7, 12, 16] , especially if the interest is focused not only on the throat region but also on the converging part of the nozzle.
In this work, based on the results obtained for nonmetallized propellants in [19] , radiation and roughness effects are introduced into a previously validated model [11] [12] [13] [14] [15] to study the thermochemical erosion of graphite nozzles in solid rocket motors loaded with either metallized or nonmetallized AP/HTPB composite propellants. Moreover, the effects of roughness and radiation are analyzed both separately, as done in [19] , and jointly. The general model includes the Reynolds averaged Navier-Stokes (RANS) equations for the gas phase, the energy equation for the solid phase (nozzle material), and the boundary conditions at the gas-solid interface. Surface roughness is modeled according to the equivalent sand grain approach, which, in a RANS solver, can be included via different turbulence models. For instance, a two-equation (k-ϵ) model is used in [19] and a one-equation model (Spalart-Allmaras) is considered in the present study. The selection of the latter turbulence model is based on its simplicity and reliability in the study of attached boundary layers and on its straightforward extension to rough walls [20] . The radiation effect is included through simplified models based on its dependence on bulk gas temperature, wall temperature, and aluminum content.
II. Theoretical Formulation
A. Gas-Phase Modeling
The gas phase consists of the multicomponent mixture arising from the combustion products of the selected propellants. The governing equations for the gas phase are the reacting turbulent RANS equations [21] :
The term S is the stress tensor, split into the contributions of pressure forces and viscous stresses (T); the term _ q is the heat flux vector; and the term _ w i is the source term due to chemical reactions:
where I is the unit tensor. The diffusive mass flux of the ith species j i can be expressed using the approximation of Fick's law:
The thermodynamic properties of individual species are approximated by seventh-order polynomials of temperature, whereas the transport properties are approximated by fourth-order polynomials [22] . Mixture properties for conductivity and viscosity are derived from Wilke's rule. The diffusion model is based on the effective diffusion coefficients defined as [23] 
Equation (4) does not guarantee that the diffusive fluxes would sum to zero. Equation (3) is hence modified to ensure that the mass fluxes sum to zero by distributing the residual according to the species mass fraction [24] . The diffusive mass fluxes, first calculated by Eq. (3), are corrected by
For the present study, the gas-phase reactions are considered to have a negligible effect on the recession process (frozen flow in the gas phase). This assumption is justified by chemical equilibrium calculations [22] showing little effect on the boundary-layer concentrations of oxidizing species in the nozzle sections of interest.
B. Ablative Boundary Condition
Based on the assumption that no material is being removed in the condensed phase (solid or liquid), the general surface balances for a chemically reacting ablating surface are
In Eq. (6), which is the surface mass balance for the ith species, the terms on the left-hand side are, respectively, the mass fluxes of species i entering the surface due to diffusion and the heterogeneous surface reactions between the boundary-layer gases and the surface carbon, whereas the term on the right-hand side is the mass flux of species i leaving the surface due to surface ablation. Equation (7) is the surface energy balance. The terms on the lefthand side are, respectively, the energy fluxes entering the surface due to conduction from gas, diffusion, surface carbon mass flux, and radiation from the combustion gas, whereas the terms of the righthand side are, respectively, the energy fluxes leaving the surface due to surface ablation, reradiation from the wall, and conduction in the solid phase. The heat conduction process in the nozzle is treated as one dimensional. When the steady-state condition of a planar surface is considered, a closed solution of the in-depth energy balance can be achieved from its integration between the hot (front) surface and the cold (back) surface of the material. Therefore, the steady-state solid conduction term reads
where h s w and h s 0 represent the enthalpy of the solid carbon at the wall temperature and at the initial temperature, respectively. The heterogeneous gas-surface chemical reactions are described by a semiglobal heterogeneous reaction mechanism for graphite oxidation [25, 26] . A subset of this reaction mechanism, consisting of three reactions (excluding erosion contributions from species O and O 2 , whose concentrations are negligibly small in solid-propellant combustion products), has recently been validated for graphite nozzle erosion in solid rocket motors [7, 9, 12, 13] .
With this mechanism, the rate of consumption of carbon by the generic oxidizing species i (which can be H 2 O, CO 2 , or OH) can be expressed as
where p i is the partial pressure of oxidizing species i, T w is the wall temperature, and n is the overall order of the heterogeneous reaction. The terms A i and E i are the preexponential factor and the activation energy of the heterogeneous reaction, respectively. The kinetic parameters of Eq. (9) for the three reactions are taken from [26] and reported in Table 1 . Reaction rates are assumed to be independent of each other according to results and discussions presented in [7, 9, 13, 25, 26] . The two terms labeled as Φ i and Ψ i in Eq. (9) are the partial pressure term (which is a function of the reaction order n) and the specific rate constant of the reaction, respectively. The rate of production/consumption of the generic gas-phase species i at the nozzle surface, _ ω i , in Eq. (6), can be easily derived from the rate of erosion of carbon by the generic oxidizing species, Eq. (9), and the mass balance available once the species molecular weights and the stoichiometry of the surface reactions are known. Finally, the total erosion rate of carbon due to the surface heterogeneous reactions can be evaluated as
C. Extension of the Spalart-Allmaras Turbulence Model to Account for Surface Roughness
A correction of the Spalart-Allmaras turbulence model is implemented to account for the effect of surface roughness [20, 27] . This modification is based on the "equivalent sand grain approach," which, by means of empirical correlations (i.e., Dirling [28] ), associates the actual surface roughness to that of a sand grain roughened wall. The effects of roughness were extensively investigated by Nikuradse in the 1940s [29] ; his experimental analyses showed a clear relationship between the normalized velocity profile shifting, Δu , and the normalized roughness: h eq h eq u τ ∕ν. This velocity profile shifting can be evaluated once the value of the equivalent sand grain roughness is known.
The basic equation of the Spalart-Allmaras model reads [30] 
where the terms of production, diffusion, and destruction of the turbulent viscosityν ν τ ∕f v1 are on the right-hand side. The "Boeing extension" of the Spalart-Allmaras model presented in [20] was developed to mimic the normalized velocity (u ) shifting, observed experimentally in the logarithmic region and the outer region of the boundary layer, in the case of flow over rough surfaces. This is achieved by increasing the turbulent eddy viscosity in the wall region. In order to take into account the roughness effect, distance term d is modified as
where d min is the distance from the equivalent smooth wall (assumed to be located part-way up the roughness) and (13) where κ 0.41 is the von Kármán constant. Moreover, in order to obtain accurate results when dealing with small roughness, the variable χ ν∕ν is redefined as follows:
where c R1 0.5. Therefore, to retain theS expression, defined as the definition of f v2 1 − χ∕1 χf v1 is modified as follows:
Finally, theν 0 wall boundary condition is replaced by
This modified model was extensively tested and found to produce results comparable to those obtained by the best-tested roughness models [20] . The present surface roughness treatment has been validated against the results obtained by Aupoix and Spalart [20] for a specific test case involving air flowing at 58 m/s over a heated flat plate. The test case reproduces the experimental data obtained by Hosni et al. [31, 32] made over electrically heated flat plates of different roughnesses. Figure 1a shows the normalized velocity profile obtained using the implemented modification. The shifting of the velocity profiles in the case of wall roughness is evident, and the result for the highest roughness level agrees reasonably well with that reported in [20] . Figure 1b shows the calculated skin friction coefficient as well as the Stanton number along the length of the plate, together with those reported in [20] .
D. Gas and Surface Radiation
Radiative heat flux can affect the nozzle erosion behavior, especially in the converging part of the nozzle, where the convective heat flux is lower than in the throat region. This effect was analyzed in [19] for a nonmetallized propellant; a 4.5-13.6% reduction of the erosion rate was found when both gas and wall radiation were considered, depending on the level of gas emissivity, as opposed to the case without any contribution from radiation. It was further noted that, when dealing with aluminized propellants, the erosion rate could be higher than its counterpart without radiation. In fact, in aluminized propellants, the radiative heat flux coming from the two-phase gasparticles mixture can represent a nonnegligible fraction of the heating [33] . To obtain a simple estimate of the particle radiation effect, two different simplified models have been considered for calculating the integral emissivity of the dispersed alumina particles. The first model derives from empirical specification of the integral emissivity near the nozzle throat of a small-scale solid rocket motor operating with metallized propellants [34] :
where ρ b is the gas bulk density in kilograms per cubic meter, r is the local radius in meters, and n is the percentage (by mass) of aluminum content in the propellant. Equation (17) is based on experimental data of radiation obtained on a small-scale solid rocket motor, where emission measurements were made from the optical path across the throat diameter (3.18 cm). This model will be referred to as "model A." Figure 2a shows the calculated integral emissivity as a function of the gas density using the local radius as a parameter. The strong sensitivity of the emissivity to local radius is evident; the emissivity-density dependence is almost linear for smaller radii.
The second model is taken from [35] and represents the limiting value of the integral hemispherical emissivity of an optically thick cloud of monodispersed alumina particles:
whereT b T b ∕1000 is a reduced value of the bulk temperature (particles and gas are considered in thermal equilibrium), expressed in degrees Kelvin, and a represents the particle radius in micrometers. This second model will be referred to as "model B." It should be noted that, although Eq. (18) was derived for the combustion chamber, it has been employed for the nozzle flow. Because the purpose of the present work is to estimate the influence of the radiative heat flux on nozzle erosion, rather than the accurate evaluation of the radiation inside the nozzle, these two simplified models have been considered suitable for the analysis. Figure 2b shows the emissivity-temperature dependence using the particle radius as the parameter. Interestingly, for higher values of particle radii the particle size has a very low influence on the calculated integral emissivity.
According to [35] , for an optically thick volume of typical combustion products, the integral emissivity calculated considering only the condensed phase is more than 99% of that calculated including the radiation contribution of the gaseous products. For this reason, the gas-phase contribution has been neglected in the evaluation of the integral emissivity of the combustion products. Concerning the wall emissivity, a single constant value is considered as representative of 
and the net radiative heat flux can be evaluated as follows:
III. Test Case Input Data
In this study, both nonmetallized and metallized AP/HTPB composite propellants have been considered to study the effects of surface roughness and radiation on graphite nozzle erosion. These propellants are those adopted in the experimental work by Evans et al. [36] . The equilibrium compositions and the chamber conditions are shown in Table 2 . The graphite nozzle (ρ s 1.92 g∕cm 3 ) is that of the motor described in [37] , having a throat diameter of 2.0 in. As far as reradiation is concerned, a single emissivity value of ε s 0.9 has been used for the graphite surface [38] . The surface has been assumed to be gray, which permits the use of the same value for wall emissivity and absorptivity (ε s α s ). When required [see Eq. (18)], a radius of 10 μm has been considered for the alumina particles [39] . The particle size could be higher due to particle agglomeration. The emissivity value, however, has a low sensitivity to the particle radius in the temperature range of interest (see Fig. 2b ). For this reason, the selected particle size can be considered suitable for the analysis.
Several values of equivalent sand grain roughness have been considered in the analysis. Experimental tests of graphite-nozzle turbulent flows show that a typical "scalloped" surface is established, with length scales on the order of 1 mm [40, 41] . Numerical analyses performed in [17, 18] show that the steadiness of this surface morphology is ensured, allowing the use of a single constant surface roughness value, once the steady state has been reached. The Dirling correlation [28] for calculating the equivalent sand grain roughness gives values in the range of 5-50 μm. The values are in good agreement with the ones used in [19] and observed in nozzle postfiring data analyses [42] .
IV. Results
In the present work, following the analysis performed in [19] , a systematic study of both the separate and combined influence of surface roughness and radiation on erosion behavior has been performed.
A. Effect of Roughness
The first part of the analysis focuses on the effect of surface roughness on the nozzle erosion rate for both metallized and nonmetallized propellants. Figure 3 shows the calculated erosion rate profiles for both propellants. Two equivalent sand grain roughnesses have been considered: 10 and 50 μm. It should be noted that the first few points close to the nozzle entrance should not be considered quantitatively accurate due to the undeveloped boundary layer. Therefore, the plotted quantities are displayed starting about 1 mm downstream from the nozzle entrance for all the presented results. The effect of the surface roughness is evident, especially in the throat region. The erosion rate is enhanced, with respect to the baseline case (smooth wall), in the converging part of the nozzle. The roughness effect gradually enhances the erosion rate, as compared with baseline, up to a point slightly upstream of the throat. Then, the difference in the erosion rate level starts decreasing and the influence of the surface roughness falls below 10% of its peak variation at an expansion ratio of approximately 2 (for h eq 10 μm) and 2.5 (for h eq 50 μm) for both propellants.
It should be noted that the erosion regime is different for the two propellants, kinetic limited for the nonmetallized and diffusion limited for the metallized, due to the higher chamber temperature and lower oxidizing species content of the latter [12] . This is confirmed by the plots in Fig. 4 , which show the total wall mass fraction of the three oxidizing species. When the wall mass fraction of the oxidizing species goes to zero, it means that the reaction kinetics are faster than the diffusive process, as the surface reactions are capable of consuming instantaneously all the reactants arriving at the reaction sites. Therefore, the process that limits the graphite oxidation rate is the diffusion of the reactants toward the surface. For the metallized propellant, almost 95% by mass of the exhaust gas oxidizing species is consumed at the surface, whereas only 30% is consumed in the case of nonmetallized propellant, denoting a kinetic-limited erosion regime for the latter. The wall temperature profiles are plotted in Fig. 5 . In the rough wall case, the temperature increases in the throat region and in the diverging part of the nozzle with respect to the baseline case for both propellants. Nevertheless, the temperature profiles are qualitatively different for the two propellants, due to the different erosion regimes, which generate a different coupling between the mass and energy balances at the nozzle interface. In the diffusion-limited regime, the erosion rate can affect the surface temperature through the surface energy balance, but the change in surface temperature can only marginally affect the erosion rate. In the kinetic-limited regime, on the other hand, both the erosion rate and the surface temperature can affect each other. The temperature profiles in the case of nonmetallized propellant qualitatively mimic the erosion-rate profiles, for both smooth and rough walls. For the metallized propellant, however, the rough wall causes the temperature to drop below the baseline value in the converging section. Slightly upstream of the throat, the rough wall temperature profiles cross the baseline value and the differences between the temperature profiles hold along the entire divergent section. The erosion rate, on the other hand, is always higher in the case of the rough wall for the metallized propellant (Fig. 3b) despite an initial reduction of the wall temperature (Fig. 5b) . The change of slope immediately after the throat is a consequence of the nozzle geometry. The diverging part of the nozzle is in fact conical, and the change in the curvature of the profile downstream causes the abrupt variation of the flow quantities.
Focusing on the throat section, the local values of the convective heat flux, erosion rate, wall temperature, and H 2 O contribution to the erosion rate are plotted in Fig. 6 for different values of the equivalent sand grain roughness (h eq ). The nondimensional values are normalized with respect to the baseline case (smooth wall). As seen, the differences in the convective heat flux and erosion rate between the two propellants are undetectable for h eq values up to 20 μm. For the higher values of h eq , however, the metallized propellant shows a higher sensitivity to the roughness level. The erosion rate and the convective heat flux show practically the same trends. Despite the strong variation in the erosion rate, the wall temperature variation for the metallized propellant is smaller than for the nonmetallized one. This behavior is attributed to the different erosion regimes for the two propellants. In Fig. 6d , the left-hand side of Eq. (9) its diffusion-limited regime and the change in wall temperature only marginally affects the erosion mass flux. It is interesting to note that, although the driving mechanisms are different, the erosion rate increase with the equivalent sand grain roughness is qualitatively and quantitatively similar for both propellants and shows a cubiclike behavior.
B. Effect of Radiation
The second analysis evaluates the influence of the radiative heat flux on the nozzle erosion rate for both metallized and nonmetallized propellants. Radiative heat flux includes both the emission from the wall (reradiation) and the absorption by the wall due to gas/particle emission. The influence of radiation on the erosion rate for nonmetallized propellants was studied in [19] , showing the dominant role of surface reradiation, which counteracts the increased erosion due to roughness. A stronger effect can be therefore expected in the case of metallized propellants, due to the high emissivity of condensed alumina particles in the flow. Thus, the metallized propellant is analyzed first. The calculated net radiative heat fluxes are shown in Fig. 7 , along with integral particle emissivity. The two different integral particle emissivities (Fig. 7b) , calculated using simplified models A and B described previously, lead to different profiles of the net radiative wall heat flux (Fig. 7a) . As expected, due to the high emissivity coupled with the high bulk temperature of the flow, the net radiative heat flux is positive (entering the wall) in the converging part of the nozzle. In the near-throat region, the reradiation from the nozzle wall overcomes the incoming radiative heat flux and the net radiative heat flux becomes negative (leaving the wall). The reduction of the particle emissivity along the nozzle is more evident in the case of model A, because of the drop in gas density. The higher emissivity value of model B causes a difference of about 2.0 MW∕m 2 in the net radiative heat flux at the throat section, as seen in Fig. 7a . Figure 8 shows the calculated wall temperatures for both propellants. In addition to the baseline case without radiation, results with wall reradiation only and with both wall reradiation and gas/ particle emissivity are shown. For the nonmetallized propellant, two different constant gas-phase emissivities (ε g 0.2 and 0.4) are assumed, as in [19] . The emissivities of the individual gas-phase species at a given temperature and pressure were obtained from [43] , where the average emissivity of gas phase is estimated in the range of 0.1-0.4. For the metallized propellant, both models A and B have been employed. The reduction of the wall temperature obtained when the wall reradiation is considered is quite significant, especially for the metallized propellant, which is characterized by a much higher wall temperature. Moreover, for the case including wall reradiation together with particle radiation (metallized propellant), the wall temperature profile is modified considerably (Fig. 8b) . In particular, the wall temperature variation between the entrance and the exit sections is more than doubled. As far as the erosion rate is concerned, however, the influence of the radiative heat flux appears to be weaker in the case of the metallized propellant (Fig. 9b) . The erosion rate decreases in the case of the nonmetallized propellant (Fig. 9a) , confirming the results of [19] . In the case of metallized propellants, as a consequence of the diffusion-limited regime, the inclusion of the wall radiative heat transfer does not produce any significant variation of the erosion rate. The change in the wall temperature for metallized propellant still results in a diffusion-limited regime due to the high emissivity of the dispersed alumina particles. To further verify this behavior, a case was run with a constant value of integral particle emissivity along the nozzle, corresponding to the throat value obtained for each model (0.35 for model A and 0.88 for model B). Less than 3% difference in the throat erosion rate was obtained, implying that the influence on the erosion rate of using two significantly different constant integral emissivity values is negligible.
To characterize the throat erosion rate variation in the case of different gas/particle emissivities, the obtained results are compared against a reference throat erosion rate. This reference value, for each propellant, is the one obtained without considering any radiative heat transfer and has been used to nondimensionalize erosion rates in Figs. 10 and 11. In Fig. 10 , the integral emissivity is used as the independent variable and the distribution of the nondimensional throat erosion rate is plotted for both propellants. For the nonmetallized propellant (Fig. 10a) , due to the kinetic-limited regime, the erosion rate is found to decrease due to radiation. When only wall reradiation is considered, the wall temperature shows the highest reduction (Fig. 8a) , and the erosion rate is reduced by ≈15% with respect to the baseline value. When the gas phase emissivity is also included, the wall temperature reduction is lower and hence the erosion rate reduction becomes less significant.
For the metallized propellant (Fig. 10b ), both models cause the throat erosion rate to decrease marginally with respect to the baseline value, and a maximum 3% reduction of the throat erosion rate is obtained when model B is used. This slight erosion rate reduction can be explained as an effect of the reduced diffusive mass flux caused by the higher wall temperature obtained when the particle radiation is considered (see Fig. 8b ), especially for model B. The higher wall temperatures yield a less dense and thicker boundary layer leading to a lower diffusive mass flux and a lower diffusion-limited erosion rate. In the case of constant particle emissivities, if sufficiently low constant values of integral emissivity are considered, the wall reradiation contribution becomes dominant and the wall temperature can be sufficiently low to switch the erosion regime from diffusion limited to slightly kinetic limited, causing the erosion rate to increase with particle emissivity. The effect of change in the wall temperature on the erosion rate thus depends on the erosion regime. For the kineticlimited regime, the erosion rate increases with wall temperature, whereas for the diffusion-limited regime it decreases due to the thickening of the boundary layer. At higher values of integral particle emissivities, the wall temperature is sufficiently high to ensure that the erosion is completely diffusion limited, so that any effect induced b) Metallized propellant (constant vs variable particle emissivities) Fig. 10 Nondimensional throat erosion rate in the case of constant wall emissivity (ε s 0.9) and different gas/particle emissivities for metallized and nonmetallized propellant.
by the kinetic-limited regime disappears, and the obtained throat erosion rates are marginally lower than the baseline.
C. Combined Effect
Finally, the combined effects of particle radiation and wall roughness have been investigated. Figure 11 shows the nondimensional throat erosion rate as a function of the integral emissivity for both smooth and rough walls for the two propellants. The considered reference value is the throat erosion rate for a smooth wall, with no wall reradiation and no gas/particle radiation. The effect of radiation shows a similar trend on erosion rate, whether combined with surface roughness or considered alone. This trend can be noted by the similar slopes exhibited by the two curves in Figs. 11a and 11b . However, the integral gas/particle emissivity effect on erosion rate is opposite for the two propellants: erosion rate is increasing with integral emissivity in nonmetallized propellants, due to the kinetic-limited regime, whereas it is decreasing in metallized propellants, due to the diffusion-limited regime. Overall, it appears that the erosion rate is closer to the baseline value, particularly for nonmetallized propellants, when the combined effect is considered rather than surface roughness alone (circle symbol in Figs. 11a and 11b) . It is also clear that surface roughness influences the erosion rate more than the radiation, especially for metallized propellants.
V. Conclusions
An analysis of surface roughness and gas/particle radiation effects on the thermochemical erosion of a solid rocket graphite nozzle has been carried out for both metallized and nonmetallized propellants. For typical values of surface roughness for graphite nozzles, a noticeable increase in the throat erosion rate is seen for both propellants. This increase is due primarily to the enhanced wall convective heat flux and species diffusive flux for a rough wall. As the two propellants generate two different erosion regimes, kinetic limited for the nonmetallized and diffusion limited for the metallized, the driving mechanisms that cause the change in erosion rate are different. In the case of the nonmetallized propellant, the augmented wall temperature enhances the heterogeneous reaction rates, causing a higher erosion rate. For the metallized propellant case, on the other hand, the stronger diffusion of the oxidizing species drives the erosion rate rise. It is interesting to note that, although the driving mechanisms are different, the erosion rate increase with the equivalent sand grain roughness is qualitatively and quantitatively similar for both propellants.
For nonmetallized propellant, the erosion rate has been found to decrease slightly due to radiation, depending on the gas emissivity, confirming the results obtained in [19] . For metallized propellant, the erosion rate has been found to decrease marginally when coupled wall reradiation and particle radiation effects are considered. Two simplified models have been adopted to evaluate the integral particle emissivity in metallized propellants, giving substantially different emissivity values at the throat. Nevertheless, the throat erosion rate differences obtained for the two models are less than 3% of the baseline value without radiation. The primary effect of the particle radiation is the modification of the wall temperature profile. The weak dependence of the erosion rate on the change in wall temperature in the case of the diffusion-limited regime explains the insensitivity of the throat erosion to the particle radiation.
Thus, surface roughness enhances the erosion rate for both propellants by directly increasing the convective heat flux and species diffusivity at the wall due to enhanced near-wall turbulence. Radiation, however, directly influences only the wall temperature, which in turn influences the species diffusivity indirectly. Thus, it is clear that, with respect to radiation, the kinetically controlled nonmetallized propellant experiences more erosion-rate changes than the diffusion-limited metallized propellant. Analyses on smooth and rough surfaces, together with gas/particle radiation for both metallized and nonmetallized propellants, show that the trend in throat erosion variation caused by the gas/particle radiation is not affected much when surface roughness is considered, indicating a loose coupling between the influence of roughness and radiation. This suggests that the analysis of the two phenomena could be carried out separately without producing significant errors in the evaluation of the erosion rate variation. Nondimensional throat erosion rate in the case of constant wall emissivity (ε s 0.9) and constant/variable emissivities for both smooth and rough walls (metallized and nonmetallized propellant).
